Fig 10
Cryosurgical probe applied to sciera the limited access to the lens afforded by the corneal section. A maximum diameter of 2 mm appears reasonable. Slight pressure exerted against the capsule by the probe will further increase this area of contact and strengthen the bond.
In cryosurgery of the retina, ciliary body and iris a deep penetrating effect is desirable and surface adhesion is largely to be avoided. Whereas changes in these tissues can be effected in a temperature range of -20°C and below, one must work either within the range of cryoadhesive effect or distinctly below it. Fig 10 shows the variables to be considered when a cold probe is applied to the sclera overlying the vascular choroid in order to effect a change in the pigment epithelium of the retina. The thickness of the intervening tissue mass will retard the fusion; therefore, thinning the sclera will enhance this effect and also minimize lateral spread in the sclera itself. Pressure exerted by the probe will blanch the vessels in the choroid in addition to achieving a greater area of contact at the surface. This will increase the penetrating effect. The heat production of the surrounding choroidal vessels which are not involved in the fused zone tends to limit its lateral spread. Penetration will be most facilitated by lowering the temperature of the tip. This will in turn produce a greater change in less time, and by glazing the intervening scleral and choroidal tissues may actually be less harmful to them. If the temperature is maintained below -100°C there is little or no tendency of the probe to adhere to the ocular tissues. If the application is at temperature above -80°C, a defrosting mechanism must be incorporated into the probe; otherwise the tissues must be prepared by the application of glycerin or some similar substance to prevent adhesion, as suggested by Bietti (1934) . It is important to remember that in this process the probe is withdrawing heat energy from deep within a tissue. The largest single variable is the temperature of the probe tip, and the second most important variable the area of contact between the probe and the tissue. The initial change will take place rather quickly, and after a sufficient amount of tissue has become fused, further penetration is very slow because of the insulating characteristics of the ocular tissues themselves.
In the past five years cryosurgery has developed from a highlyexperimental technique to one which has been widely applied to cataract surgery, retinal separation surgery, and in the treatment of recalcitrant cases of glaucoma. As these cryosurgical techniques become more generally used, and after a sufficient length of time passes, it will become more readily apparent to everyone in which cases cryosurgery offers the greatest advantages. A large number of cryosurgical devices will doubtless become available and considerable variation in techniques will be described. Nevertheless, the simple basic physical phenomena and thermal exchanges which take place between the ocular tissues and a small cryogenic probe will always apply. It is important that the ophthalmologist who wishes to employ cryosurgical techniques should understand these basic principles. This will enable him better to utilize any cryosurgical device and help him to evaluate critically the results which he obtains from his surgery. It is the purpose of this paper to describe an experimental and theoretical study to elucidate the thermal and mechanical factors involved in cryosurgery of the eye.
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In order to comprehend the basic mechanisms involved it is essential to consider the general principles of biological freezing. In the freezing of biological material, the most important single concept is that, despite the collective and individual complexity of living cells, freezing in a biological matrix is nothing more than the removal of all available water and its transformation into inert foreign bodies known as ice crystals. It is a completely physical phenomenon and obeys simple and well-known physical laws. The process of freezing is one of simple dehydration with the transfer of water out of solution into ice crystals. However, this water is sequestrated locally in the tissue rather than removed (Meryman 1957) .
The earliest stage in the formation of an ice crystal is the nucleus. In water there are two types of nucleation: (1) Heterogeneous or catalytic nucleation: in this process water molecules are deposited as crystals around some foreign particle; under naturally occurring conditions this is the sole source of crystal formation. (2) The second type is known as homogeneous nucleation and results from random fluctuations in the configuration and density of pure water; this will not occur near the freezing point but when the temperature reaches about -40°C it increases rapidly and limits the supercooling of pure water to -40°C.
Thus, with slow freezing at just below the freezing point of tissue a few large ice crystals are formed originating from catalytic sites. More catalytic sites with more numerous crystal formation are induced if the heat exchange is increased. A dense shower of minute crystals, due to homogeneous nucleation, will occur if temperatures of -400C can be obtained before significant crystallization has taken place, i.e. the faster the freezing, the smaller the crystals. Crystalline material has a definite rate of growth. Being a direct function of the temperature, the rate of growth of crystals slows when the temperature is lowered and limits the growth of existing crystals and allows additional crystal nuclei to form.
Recrystallization is the preferential growth of large crystals at the expense of smaller ones and is due to differences in surface energy and internal stress between large and small crystals. It is very rapid, with the formation of almost visible crystals near the melting point of tissue, but falls with a drop in temperature and approaches zero as the glassy transformation state is reached. At the glassy transformation temperature, which is approximately -130°C, the growth of ice crystals is prevented and pure glass ice results. With cooling of a reasonably large mass of water this state is very difficult to reach because water is so easily transformed into its low-energy crystalline structure.
To understand the mechanism of heat transfer in biological tissue one must consider the kin- The temperature of the interior of the sphere reaches the freezing point before the freezing boundary has spread into this zone. Also the sharp tissue temperature gradient should be noted carefully. Fig 2 shows the distribution of temperature and freezing in a thawing specimen. Because of the much better conductivity of frozen material, heat is effectively distributed throughout the solid tissue to ensure internal equilibrium at the melting point before any thawing occurs. This phenomenon must be borne in mind when considering thawing in an iceball formed during cryosurgery. One of the most important features in freezing of a cellular biological matrix is the location of the crystal formation. With slow freezing the crystals are exclusively extracellular. They grow to many times the size of individual cells and compress the cells in between ( Fig 3A) . It is indeed important that notwithstanding this gross anatomical displacement there can be histological recovery of these cells. The injurious effects of slow or extracellular freezing have been shown by Lovelock (1955) to be due not to mechanical forces exerted by the ice crystals but to inevitable dehydration and concentration of electrolytes coincident with the removal of water to form ice crystals. This slow freezing occurs only with freezing rates of between 1°C and 5°C per minute; although all naturally occurring freezing is of this type, it is not of any practical value in ocular cryosurgery, but is obviously of great value in the preservation of ocular tissue.
With rapid freezing, on the other hand, the growth of ice crystals is predominantly intracellular ( Fig 3B) . These crystals are lethal to cells if their size exceeds that of the cell. It is possible to prevent this destruction only if freezing can be carried out extremely rapidly with resultant small crystal size. This is only practical if the tissue specimen is very small or has a very high surface to volume ratio.
In addition to the above method by which crystals can rupture the cell membrane, four other mechanisms have been described which can cause chemical and morphological changes in tissue. They are: dehydration and tissue concentration of electrolytes due to the removal of water from solution, denaturation of liquid protein molecules within the cell membrane, thermal shock and vascular stasis (Bory 1959 , 1960 , Denny-Brown et al. 1945 , Deutschmann 1935 ).
Cells which have been frozen under conditions known not to be lethal are killed on refreezing. Whether this is due to a loss of viability or change in membrane permeability is not understood. This is of importance in cryosurgery where an area of the choroid and retina may be deliberately or accidentally refrozen.
Instrumentation
For the purpose of this study a cryoprobe utilizing the Joule-Thomson principle using compressed carbon dioxide gas was used. The probe was invented by one of the authors (S P A) and the first models were built in collaboration with the Department of Mechanical Engineering of the University of the Witwatersrand. A temperature at the probe tip of -79-50C can be obtained and models have been built which will maintain be- using silicone oil tween -65°C and -75°C in contact with living biological tissue. Further refinement and a better understanding of the basic problems involved should improve on these figures. Cooling rates of between 50°C and 70°C per second have been obtained. By using a small heater coil, constant temperature is assured and very rapid defrosting times of between one and three seconds have been found (Fig 4) .
In both cryopexy and cryoextractions it is of much advantage to apply the instrument at ambient temperatures to the ocular tissue. Because of the extremely rapid cooling rate possible in a system utilizing the Joule-Thomson principle with a very small thermal mass the cryoprobe is ideal for both cryopexy and cryoextraction.
A fixed temperature probe has been used for this study and the intensity of the freezing regulated by the time of application. A variable temperature model could be designed but is not considered necessary.
Retinal Cryosurgery
Freezing of ocular tissues produces effects which are both immediate and long term. The immediate effects are a solidification and hardening due to the formation of ice crystals in the tissue. The blood and lymph circulation ceases but recommences on thawing. The long-term effect is destruction of cells, the degree of which can almost certainly be influenced by one or a combination of four basic factors: speed of freezing, lowest temperature to which tissue is cooled, duration of freezing and the rate of thawing. It is not yet understood whether the aseptic necrosis produced in tissue is due mainly to an effect on the cell itself or to a disturbance in the capillary network or a combination of both. Kreyberg (1957) states that the development of stasis is of special significance and if this could be prevented the range of tolerance of human tissue to local freezing could be increased greatly.
It has been shown that virtually all biological tissue subjected to a temperature of -20°C or below for a minute or more undergoes cryogenic congelation or necrosis (Cooper 1964) . Capillaries, small arterioles and venules are lysed when exposed to extreme cold but the muscular walls of arteries are very resistant.
In order to understand the effects of freezing in a biological system it is essential to investigate and understand the temperature gradients produced. This was undertaken first by an experimental and later by a theoretical mathematical study.
Experimental Study
Retinal temperature: A series ofcryoprobes ofvarious tip diameters and configurations utilizing the Joule-Thomson principle and compressed carbon dioxide were used. A copper constantan thermocouple approximately 0-6 mm in diameter was used to measure the temperatures. After insulation with masking tape it was passed through an incision in the sclera and choroid approximately 5 mm from the area to be frozen. The exposed thermocouple wire had been bent into the form of an L in order to make contact with the area of the retina to be frozen. A Varian single-channel recorder was used with a recording range of 1 to 10 mV and the temperature of melting ice was constantly used as a baseline to prevent any recording error. Graphs showing the retinal temperature in various regions were recorded.
These graphs illustrated the extremely rapid temperature drop in the rabbit retina which stabilizes at approximately -40°C with a cryoprobe temperature of -60°C to -70°C. The temperature was influenced by the size and configuration of the cryoprobe contact point. It is interesting to note that the time taken in thawing a retinal iceball is much longer and during this period its temperature is stabilized in the region of -2-2°C. It is probable that recrystallization is occurring during this period with the formation of larger and more destructive crystals. Future investigative studies will be directed to the control of this recrystallization with rapid warm saline injections on the sclera or more valuable radio-frequency heating. Two graphs taken in the region of the vortex vein, one under the vein and the other 1 cm away, showed no significant difference ( Fig 5) and we consider that the vascularity of the choroid is of little significance in determining the retinal temperature. The circulation is rapidly frozen and no conduction of heat takes place apart from the thin frozen choroid at the margin of the lesion which has a very sluggish circulation. It is only the thickness of tissue between the probe and the chorioretinal interface that is of real significance.
A tracing following reapplication of a cold probe showed a significant loss of efficiency especially in the lower temperature zone (Fig 6) . This is due to the poorer thermal contact between the cryoprobe and sclera caused by an irregular layer of ice crystals formed from atmospheric condensation prior to application. Vitreous temperature: A series of graphs was obtained with a well-insulated thermocouple placed in the vitreous almost in contact with the retina and then moved deeper into the vitreous body, one-sixteenth of an inch at a time (Fig 7) . A flat contact surface 3 x 3-5 mm was used for the experiment and a marked lateral spread of the frozen area as contrasted to the intraocular penetration was seen. The importance of this type of experiment is that the temperature of the vitreous at different distances from the retinal lesion can be determined. Gelatin iceball temperature: A study was performed using cryoprobes of various sizes and 20 % gelatin constantly kept at a temperature of 37-4°C to determine the size of iceballs and hemiballs (hemispheres) formed, depending on whether the cryoprobe was immersed in the gelatin or just placed on the surface (Fig 8) . It should be noted that in ocular cryosurgery only the second type of transfer study is relevant, with the exception of intravitreal cryosurgery.
It was obvious that the growth of iceballs or hemiballs obeyed a mathematical relationship and it was decided to investigate the concept of iceball growth thermodynamically.
The following formula was constructed to formulate a series of graphs: From these calculations four series of graphs were constructed for various hemispherical tip sizes ranging from 1 to 3 mm, as follows:
(1) Iceball growth curvewith tip temperatures from -40'C to -80°C (Fig 9, 13 & 14) (2) Temperature distribution curvefor cryoprobes at all temperatures (Fig 10) .
(3) Isothermalgrowth curvefor a fixed temperature of -60'C ( Fig 11) . (4) Cooling rate curveat varying distances from the probe also for a fixed temperature of -60'C (Fig 12) . These are of great interest and should be studied carefully. Certain assumptions are made in the calculations and one of these is the perfect transfer of heat from a cryoprobe to the sclera.
Cryoextraction
Immediately the temperature of a cryoprobe, applied to the lens at ambient temperatures, is lowered below the freezing point of tissue nucleation and solidification result. A very strong bond is formed between the cryoprobe and the moist tissue. The strength of this bond is influenced by two factors: the crystalline structure in the adhesion zone and the contact area. An experimental test rig was constructed from a thin metal plate obtained from a Baxter Vacoliter bottle cap. It was drilled out centrally to allow it to slide freely over the cryoprobe. Four holes were drilled at the periphery to allow a scalepan to be attached and a series of tests were performed.
It was found that a cryoprobe 15 mm in diameter, when applied at ambient temperature to a series of rabbit lenses and rapidly cooled by means of the Joule-Thomson effect to -700C, could support a weight of 1,100 -1,200 grams ( Fig  15) . The lens of a rabbit suspended from an 01110, 110.:1 OP C,~1lT Arruga capsule forceps would support only a weight of 7-5 grams. The ice hemiball formed in the lens is dependent on the size and shape of the contact point and the temperature to which the probe is lowered. A series of experiments was carried out to determine the temperature gradients produced during cryoextraction. All the temperatures were measured with a copper constantan thermocouple inserted via the ciliary body into a living rabbit's eye.
The graphs showed that there was very little change in the temperature of the vitreous during cryoextraction of the lens (Fig 16) .
In order to determine the force required to extract a lens an experimental test rig was constructed by means of which force could be exerted on different areas of the lens using traction applied at various axes. A Joule-Thomson probe was carefully counterbalanced and forces applied by scalepan and weights acting over very low friction ball-bearing pulleys.
In all cases where traction was applied at right angles to the iris plane the entire anterior segment of the eye including the iris had been removed. When traction was applied nearly parallel to the iris plane a hemispherical limbal incision was made with a broad iridectomy to prevent adhesion of the probe to the iris.
The results (Fig 17) showed that much less force was required to slide a lens than any other method. The rabbit has a strong vitreolenticular adhesion which may have influenced the results. The experiment is being repeated on cadaver eyes. Retinal study: The experimental results obtained in the living rabbits' eyes were found to correlate with the expected theoretical values. The thickness of the thermocouple junction and heat loss up the thermocouple wire must be taken into account. For further proposed studies we have constructed chrome alumel microthermocouples and a micrometer type micromanipulator is being devised to allow accurate placement of the thermocouples in the tissues and multichannel recording will be attempted.
Tissue thickness is the major factor in determining the temperature of the retina. Thus, to prevent overfreezing of the choroid before the iceball reaches the retina, it is essential to indent the sclera with a warm probe to approximate the choroid and retina before freezing is commenced.
The choroidal circulation has very little influence on the retinal temperature and the iceball size is not modified by the sluggish circulation in the vortex vein. However, the sclera becomes thicker as one progresses back from the equator to the disc and longer application times are needed. Even when freezing through a muscle the tissue thickness correlates well with theoretical values calculated by the time of appearance of the iceball in the retina.
The fact that much more choroidal vascular change was produced as compared to changes in the retinal arteries can be explained by a study of the isothermal lines. Areas of the choroid are cooled to temperatures of -20°C and -30°C, but the retina is only cooled to about -2°C and 28 -3C if freezing is stopped as soon as a frozen area appears.
With rapid freezing rates there is more likelihood of homogeneous nucleation with minimal damage to the choroid because of the smaller ice crystals formed.
Constant monitoring of cryogenic lesions is essential to prevent over-freezing of the retina and excessive vitreous cooling. A small manceuvrable probe is absolutely essential for this purpose.
A very thin Joule-Thomson probe 1 mm in diameter is being constructed for intravitreal surgery. It can be utilized for the incarceration of giant retinal breaks with an inverted retinal flap.
Cataract study: The adhesion strength during cryoextraction is very interesting. These figures can only be obtained if the probe is applied at ambient temperatures and then freezing commenced.
The forces required to extract rabbit lenses with varying traction axes are being further investigated. They are of great practical significance in the analysis of techniques used for routine cryoextraction but seem to confirm an earlier hypothesis (Amoils 1965).
In the extraction of subluxated and dislocated lenses very rapid freezing rates were required from a warm probe introduced into the eye and the Joule-Thomson probe was ideal. A Jose Barraquer double-pronged needle was used to stabilize the lens and also to prevent vitreous loss in the former type of case (Amoils 1966). Mr Joseph Conway (Institute ofOphthalmology, London, and Eye Unit, Whipps Cross Hospital, London) Cryosurgery of the Ciliary Body During the past year, experiments have been undertaken at the Institute of Ophthalmology, to determine the effect in rabbits of partial freezing of the ciliary body.
Bietti (1950) applied solid carbon dioxide over the ciliary body of rabbits and humans, and obtained a temporary reduction of intraocular pressure. He used this procedure in some cases of glaucoma. Polack & de Roetth (1964) demonstrated a lowering of intraocular pressure with a decrease in aqueous flow and a compensatory decrease in outflow facility. Histological studies showed that freezing caused destruction of cellular elements with rapid regeneration of ciliary epithelium. McLean & Lincoff (1964) reported that after cryosurgery of the ciliary body, either the intraocular pressure returned to normal or with excessive freezing (-120°C encircling operation) phthisis bulbi ensued. Krwawicz & Szwarc (1965) reported the use of cyclocryo-application to reduce the intraocular tension in some forms of glaucoma.
The purpose of this investigation was to study the reaction and the histological changes in the normal rabbit eye to freezing areas over the ciliary body, also to measure the variation of intraocular pressure.
The cryoprobe used in the following experiments was developed in conjunction with the International Research & Development Co.
Cold nitrogen gas is derived from a 10 litre Dewar flask which contains an electrical heater for boiling off the liquid. The gas passes through a flexible tube into the probe which it cools. The gas is evacuated to the air through a side tube (Fig 1) .
The rate of cooling is manually controlled by varying the rate at which electrical energy is supplied to the heater, and hence the rate at which 
